Abstract: There are many advantages to using ionic liquids as solvents or catalysts in chemical processes. Their non-volatile characteristic and high cost, however, can pose economic, environmental, and long-term health concerns. As such, the recovery and recycling of ionic liquids have become essential to mitigate their environmental impact and to reduce costs. Numerous recovery and recycling methods have been reported, including distillation, extraction, membrane separation (a.k.a. filtration), adsorption, crystallization, gravity, and electrochemical separation. Whereas most of these methods recover both cations and anions of the ionic liquid as ion pairs, recycling methods such as single-phase ion exchange or mixed-ion exchange/non-ionic adsorption methods recover only one of the ionic liquid ions, typically the cation. These methods are frequently used for the recycling of ionic liquids having simple anions such as chloride or acetate, but are seldom employed for ionic liquids consisting of larger and more complex anions due to the added time and reagent costs necessary for the regeneration of the original ionic liquid. Herein, a combined cation and anion exchange adsorption-desorption method is presented that can effectively separate 1,2-dimethyl-3-propylimidazolium bis(trifluoromethylsulfonimide) [DMPIm][NTf 2 ] ionic liquid from neutral impurities. More importantly, the method is capable of recovery and recycling of the original ionic liquid. Concomitant desorption of both ionic liquid ions was achieved using 0.1 M NaCl: methanol (90:10 v/v) eluent followed by isolation using liquid-liquid extraction to afford high purity products and yields of approximately 60%.
Introduction
Ionic liquids are high molecular weight salts that are liquid at room temperature and typically liquid over a very broad temperature range. The first room temperature ionic liquid, [EtNH 3 ][NO 3 ], was introduced in 1914 [1] but notable interest did not arise until the discovery of binary ionic liquids made from aluminum (III) chloride. Chloroaluminate:imidazolium ionic liquid mixtures were first introduced by Wilkes et al. in 1982 [2] for utilization in electrochemistry, spectroscopy, and synthesis. These binary ionic liquids, however, were unstable in water and thus had limited use. Shortly before the turn of the century, the emergence of air-and water-stable ionic liquids (e.g., imidazole, pyrrole, pyridine, and alkyl phosphine salt derivatives) encouraged the development of modern-day ionic liquids consisting of a wide range of cations and anions of varying complexities and properties. These ionic liquids have many desirable characteristics, including high chemical and thermal stability, negligible vapor pressure, non-flammability, low melting point, wide electrochemical window, and ease of handling and storage. The solvent properties and behavior of ionic liquids can be tuned with relative ease by simple adjustment of cation-anion pairs and by design of cation molecular structures. This unique attribute endows ionic liquids with characteristics that are highly beneficial to various applications in organic chemistry, catalysis, electrochemistry, and separations [3] [4] [5] . The 1990s marked a period that saw significant growth in the interest of ionic liquids as inert solvents in chemical processes [6] . It was during this period when the benefits of imidazolium-based ionic liquids were realized as inert alternative solvents in chemical reactions such as Diels-Alder [7, 8] and regioselective alkylation [9] .
Ionic liquids are often referred to as "green" alternative solvents to conventional solvents because of their very low vapor pressures. Commonly used volatile organic solvents (VOCs) can be damaging to the environment and pose health concerns, especially in industrial applications where they are used in large quantities [10, 11] . For this reason, the attraction to ionic liquids as alternative environmentally friendly solvents is understandable [12] [13] [14] . Ionic liquids touted for their "green" label have been heavily scrutinized in recent years, especially when the ionic liquid life cycle from cradle-to-grave is taken into consideration. Ironically, the non-volatile characteristic of ionic liquids responsible for their eco-friendly appeal is also the reason for their persistence in the environment. Non-volatile ionic liquids will inevitably pollute soils, sediments, and ground water through leakage during transport and storage or accidental and intentional release through wastewaters, dumpsites, etc. An increasing number of studies have been reported on the toxicological aspect and long-term environmental consequences of many commonly used ionic liquids [15] [16] [17] [18] [19] . In spite of the numerous efforts and commitment to research in this area, the understanding of ionic liquid degradation mechanisms and the toxicity of the degradation products is still very limited. Nonetheless, sufficient evidence has been presented suggesting some ionic liquids are not as green as once believed. Ionic liquids with perfluorinated anions such as BF 4 − and PF 6 − , for instance, have been observed to produce hazardous degradation products through hydrolysis reactions. The increase in cation alkyl chain length has also been reported to have a strong correlation to increased toxicity and rate of degradation of ionic liquids [20] . Despite the questionable toxicity of ionic liquids, their applications in the laboratory continue to increase at a steady pace. This is not the case, however, in industry. The potential environmental impact of ionic liquids may deter its use in large-scale operations, but it is generally not of primary concern. The lack of interest in commercial applications is largely due to the significantly higher cost of ionic liquids as compared to molecular solvents. One of the more promising biomass pretreatment methods, for example, utilizes ionic liquids for the conversion of lignocellulose into value-added chemicals and fuel products. Sadly, the prohibitive costs of ionic liquids and catalysts required for pretreatment prevent the commercialization of this technology [21] [22] [23] . While the costs of some ionic liquids have decreased over the years with the increase in demand, they are still considerably more expensive than molecular solvents by as much as 5 to 20 times [24] [25] [26] . Their inflated costs are governed, to a large extent, by their high production costs. Unlike organic solvents, ionic liquids are not readily accessible through simple isolation or conversion steps from inexpensive industrial process streams. They are produced via synthetic processes such as acid-base neutralization and metathesis reactions [4, 27] . Impurities such as halides, water, amines, and organic solvents have also been observed to dramatically affect the physical properties of ionic liquids [28, 29] , thus necessitating stringent and often challenging isolation and purification steps to achieve desired ionic liquid purities.
The adoption of ionic liquid recycling strategies has, therefore, become essential to the economic and ecological viability of ionic liquids as practical solvent substitutes, particularly in large-scale syntheses and processes. In the last two decades, much effort has been dedicated to the development of reliable recycling methods to help mitigate the high cost of ionic liquids and reduce their potential environmental impact. Research in this area has led to the introduction of a wide breadth of recycling methods including distillation, extraction, membrane separation (a.k.a. filtration), adsorption, crystallization, gravity, and electrochemical separation that take advantage of the differences in the chemical-physical properties of ionic liquids and dissolved impurities in solution [20, 29, 30] . Distillation and extraction are two of the most commonly used recycling methods that are simple and easily scalable. These methods are currently employed in many chemical processes in the laboratory and in industry. However, isolation of the ionic liquids by these methods are typically accomplished by decantation which invariably leaves unwanted solutes or impurities in the ionic liquid product.
The adsorption-desorption recycling method has attracted much attention in the last two decades, owing to its excellent selectivity, robust and simple operation, relatively low cost, non-destructive separation mechanism, and scalability. Akin to retentive solid phase extraction (SPE) sample preparation techniques [31] , the method utilizes an adsorption-desorption strategy based on differences in affinities of ionic liquids and impurities to a solid surface (sorbent). The adsorption method has shown much potential in the recovery of ionic liquids from wastewater [32] [33] [34] , lignin [35] , cellulosic material [36] , and oil sands [37] . Anthony et al. [38] were the first to show effective recovery and recycling of ionic liquids from wastewater using activated carbon. Thereafter, scientists experimented with natural inorganic materials such as soils [39, 40] , clay, zeolites, and sediments [41, 42] . These aforementioned sorbents are abundant and inexpensive, but their adsorption efficiencies are easily influenced by factors such as ionic liquid electrolyte architectures, particle size distribution, solution pH, and hydrophobicity of organic impurities [29, 37] . The use of cation exchange sorbents, either as single-phase or combined with non-ionic sorbents (e.g., activated carbon or macroporous resin), has made headway in recent years due to the very high adsorption specificity for cationic species [36, 43, 44] . One of the main attractions to ion exchange recycling methods is their ability to produce ionic liquids of high purity and yields. Wide utilization of this method, however, is hampered by the method's inability to recover the anions of the original ionic liquid. This is especially problematic when working with ionic liquids comprised of large or complex anions that are oftentimes prepared from expensive precursors.
As early as 2001, Anthony et al. postulated that a combined anionic and cationic exchange method would provide better ionic liquid recoveries as compared to activated carbon alone or mixed activated carbon/ion exchange sorbents [38] . To our knowledge, no reports have been published that demonstrate complete ionic liquid recycling by this method. In a previous report [45] , we demonstrated the effective removal of 1,2-dimethyl-3-propylimidazolium bis(trifluoromethylsulfonimide) [ (Figure 1 ). Alkylated imidazolium-based ionic liquids are promising electrolytes that have been shown to facilitate oxidation and reduction reactions in Li-ion batteries [46, 47] . [DMPIm] cation is particularly important due to the presence of an electron donating substituent in the second position and a long alkyl chain in the third position which promotes charge delocalization and improved reduction stability [48] .
[NTf 2 ] is generally the preferred counteranion in battery applications due to its relatively low viscosities and extremely wide electrochemical stability windows. These characteristics are attributed to the anion's partially delocalized charge that weaken anion-cation interactions, resulting in increased ion mobility and high lithium ion cycling efficiencies [49, 50] . Distillation and extraction are two of the most commonly used recycling methods that are simple and easily scalable. These methods are currently employed in many chemical processes in the laboratory and in industry. However, isolation of the ionic liquids by these methods are typically accomplished by decantation which invariably leaves unwanted solutes or impurities in the ionic liquid product. The adsorption-desorption recycling method has attracted much attention in the last two decades, owing to its excellent selectivity, robust and simple operation, relatively low cost, nondestructive separation mechanism, and scalability. Akin to retentive solid phase extraction (SPE) sample preparation techniques [31] , the method utilizes an adsorption-desorption strategy based on differences in affinities of ionic liquids and impurities to a solid surface (sorbent). The adsorption method has shown much potential in the recovery of ionic liquids from wastewater [32] [33] [34] , lignin [35] , cellulosic material [36] , and oil sands [37] . Anthony et al. [38] were the first to show effective recovery and recycling of ionic liquids from wastewater using activated carbon. Thereafter, scientists experimented with natural inorganic materials such as soils [39, 40] , clay, zeolites, and sediments [41, 42] . These aforementioned sorbents are abundant and inexpensive, but their adsorption efficiencies are easily influenced by factors such as ionic liquid electrolyte architectures, particle size distribution, solution pH, and hydrophobicity of organic impurities [29, 37] . The use of cation exchange sorbents, either as single-phase or combined with non-ionic sorbents (e.g., activated carbon or macroporous resin), has made headway in recent years due to the very high adsorption specificity for cationic species [36, 43, 44] . One of the main attractions to ion exchange recycling methods is their ability to produce ionic liquids of high purity and yields. Wide utilization of this method, however, is hampered by the method's inability to recover the anions of the original ionic liquid. This is especially problematic when working with ionic liquids comprised of large or complex anions that are oftentimes prepared from expensive precursors.
As early as 2001, Anthony et al. postulated that a combined anionic and cationic exchange method would provide better ionic liquid recoveries as compared to activated carbon alone or mixed activated carbon/ion exchange sorbents [38] . To our knowledge, no reports have been published that demonstrate complete ionic liquid recycling by this method. In a previous report [45] , we demonstrated the effective removal of 1,2-dimethyl-3-propylimidazolium bis(trifluoromethylsulfonimide)
[DMPIm][NTf2] and 1-methyl-3-butylpyrolidinium bis(trifluoromethylsulfonimide) [BMPy] [NTf2] from solutions containing neutral explosive compounds utilizing combined cation and anion exchange SPE for sample pretreatment prior to instrumental analyses. The combination of strong anion and strong cation exchange sorbents allowed for the concomitant adsorption of ionic liquid cations and anions while neutral compounds of interest were eluted and collected. In present work, the SPE method was developed further and scaled-up to allow for the recovery and recycling of adsorbed [DMPIm] [NTf2] (Figure 1 ). Alkylated imidazoliumbased ionic liquids are promising electrolytes that have been shown to facilitate oxidation and reduction reactions in Li-ion batteries [46, 47] . [DMPIm] cation is particularly important due to the presence of an electron donating substituent in the second position and a long alkyl chain in the third position which promotes charge delocalization and improved reduction stability [48] . [NTf2] is generally the preferred counteranion in battery applications due to its relatively low viscosities and extremely wide electrochemical stability windows. These characteristics are attributed to the anion's partially delocalized charge that weaken anion-cation interactions, resulting in increased ion mobility and high lithium ion cycling efficiencies [49, 50] . In this study, several experiments were undertaken to determine optimal conditions for maximum desorption of the ionic liquid ions and the recovery and recycling of the original In this study, several experiments were undertaken to determine optimal conditions for maximum desorption of the ionic liquid ions and the recovery and recycling of the original [DMPIm][NTf 2 ] ionic liquid. A facile four-step extraction protocol was developed that can be scaled with ease to accommodate larger volumes of ionic liquid.
Experimental
Materials: [DMPIm] [NTf 2 ] ionic liquid was obtained from Sigma-Aldrich (St. Louis, MO, USA). Liquid chromatography-mass spectrometry (LC-MS) grade water and solvents, ammonium formate, and internal standard (acetaminophen) were purchased from Acros Organics (New Jersey, VA, USA). Prepacked STRATA ® -SAX anion exchange cartridges (100 mg and 10 g bed size) and STRATA ® -X-C cation exchange cartridges (30 mg and 10 g bed size) were purchased from Phenomenex (Torrance, CA, USA). LC-MS analyses were performed using Higgins Analytical Phalanx C18 reversed-phase columns (5 µm, 2.5 × 150 mm).
Instrumentation & equipment: A Buchi R215 rotary evaporator (New Castle, DE, USA) was used for the removal of volatile solvents. An Agilent 6210 MSD LC/UV-Vis/MS-TOF system was employed for the reversed-phase LC analyses. The recycled ionic liquids were characterized by 1 H-NMR and FTIR on an Oxford Mercury 400 MHz NMR spectrometer and a Nicolet Nexus FTIR equipped with a multi-bounce ATR accessory. The apparatus used for the extractions consisted of an SPE 10-position vacuum manifold (Phenomenex, Torrance, CA, USA) and a Welch 2545B diaphragm vacuum pump. The manifold was fitted with an external valve and gauge to allow for regulation of the effluent flow.
Extraction column preparation: The proposed recycling method is a dual-phase ion exchange liquid-solid extraction technique that employs combined anion exchange and cation exchange sorbents in either a single or dual cartridge format. Dual cartridge extraction columns were prepared by coupling prepacked STRATA ® -SAX and STRATA ® X-C cartridges (end-to-head) using a fitted coupling adapter (Figure 2A ). Single cartridge extraction columns were slurry-packed in the laboratory ( Figure 2B ). The resin from a STRATA ® -SAX cartridge was first removed and added to a beaker containing methanol to form a slurry. The slurry was then poured slowly into a prepacked STRATA ® X-C cartridge while excess methanol was eluted through the cartridge by gravity flow. While still wet, the newly poured cartridge was briefly sonicated to promote even settling and tight packing of the resin particles. The sorbents were allowed to dry completely in air before use. 
Materials: [DMPIm] [NTf2] ionic liquid was obtained from Sigma-Aldrich (St. Louis, MO, USA). Liquid chromatography-mass spectrometry (LC-MS) grade water and solvents, ammonium formate, and internal standard (acetaminophen) were purchased from Acros Organics (New Jersey, VA, USA). Prepacked STRATA ® -SAX anion exchange cartridges (100 mg and 10 g bed size) and STRATA ® -X-C cation exchange cartridges (30 mg and 10 g bed size) were purchased from Phenomenex (Torrance, CA, USA). LC-MS analyses were performed using Higgins Analytical Phalanx C18 reversed-phase columns (5 µ m, 2.5 × 150 mm).
Extraction column preparation: The proposed recycling method is a dual-phase ion exchange liquid-solid extraction technique that employs combined anion exchange and cation exchange sorbents in either a single or dual cartridge format. Dual cartridge extraction columns were prepared by coupling prepacked STRATA ® -SAX and STRATA ® X-C cartridges (end-to-head) using a fitted coupling adapter (Figure 2A ). Single cartridge extraction columns were slurry-packed in the laboratory ( Figure 2B ). The resin from a STRATA ® -SAX cartridge was first removed and added to a beaker containing methanol to form a slurry. The slurry was then poured slowly into a prepacked STRATA ® X-C cartridge while excess methanol was eluted through the cartridge by gravity flow. While still wet, the newly poured cartridge was briefly sonicated to promote even settling and tight packing of the resin particles. The sorbents were allowed to dry completely in air before use. Extraction procedure: The extraction columns were connected to an SPE vacuum manifold to allow regulation of the effluent flowrates. The approximate eluent volumes used in the extraction steps are highlighted in Table 1 . The extraction column was first washed with methanol to wet and activate the sorbent for good mass transfer. Next, the ionic liquid sample solution was loaded at the head of the column and allowed to fully enter the sorbent by gravity flow. The column was then washed with methanol to remove neutral impurities. Lastly, the bound ionic liquid ions were desorbed and recovered using an appropriate eluent. Depending on the objective of the experiment being performed, wash or desorption eluent was added until approximately 1 mL (analytical) or 100 mL (semi-preparative) of effluent was collected. Extraction procedure: The extraction columns were connected to an SPE vacuum manifold to allow regulation of the effluent flowrates. The approximate eluent volumes used in the extraction steps are highlighted in Table 1 . The extraction column was first washed with methanol to wet and activate the sorbent for good mass transfer. Next, the ionic liquid sample solution was loaded at the head of the column and allowed to fully enter the sorbent by gravity flow. The column was then washed with methanol to remove neutral impurities. Lastly, the bound ionic liquid ions were desorbed and recovered using an appropriate eluent. Depending on the objective of the experiment being performed, wash or desorption eluent was added until approximately 1 mL (analytical) or 100 mL (semi-preparative) of effluent was collected. Instrumental analysis: The starting eluent solution and collected effluent samples were diluted 1:20 (v/v) with methanol prior to analysis by LC/UV-Vis/MS using gradient elution from 30% to 80% methanol in 8 min at a flowrate of 0.25 mL/min and mobile phase consisting of 5 mM ammonium formate (pH 7) and methanol. A post-run wash of 95% methanol was also added for a minimum of 5 min to ensure run-to-run accuracy and reproducibility. Acetaminophen and the ionic liquid signals were monitored by UV absorbance at 254 nm and fast polarity-switching MS, respectively. The concentration of acetaminophen in the effluent was expected to remain constant which allowed for correction of variances in the volume of effluent collected through normalization of the UV chromatogram peak area for acetaminophen in the effluent relative to the peak area of acetaminophen in the starting eluent solution. Quantitation of [DMPIm][NTf 2 ] ions was achieved through linear regression analysis of the normalized ionic liquid sample peak areas against peak areas of standard ionic liquid solutions of known concentrations.
Post-treatment of desorbed ionic liquid (semi-preparative only): Methanol was removed from the collected effluent by rotary evaporation. The residue was then reconstituted in 50 mL of chloroform and washed three times with water by liquid-liquid extraction. Chloroform was removed by rotary evaporation, leaving a colorless [DMPIm][NTf 2 ] ionic liquid product. The final ionic liquid products were characterized by 1 H-NMR (in chloroform-D) and ATR-FTIR (neat) spectroscopy.
Results and Discussion
A thorough study was performed consisting of a series of experiments aimed at finding optimal conditions for the desorption of [DMPIm][NTf 2 ]. Critical extraction parameters were investigated including column configuration, sorbent order, eluent composition, and sorbent ionic capacity. The results from the experiments are summarized in Table 2 . Analytical scale extraction columns (130 mg total bed size) were employed for all the experiments except for the recycling experiments, which utilized semi-preparative scale columns (20 g total bed size). 
Column Configuration
As mentioned earlier, the two possible column configurations utilizing prepacked ion-exchange cartridges are illustrated in Figure 2 . Decidedly, column configuration A required the least amount of effort to assemble. For practical use, however, the sorbents are best stacked adjacent to each other in a single cartridge ( Figure 2B ) to minimize material costs and dead volume. By and large, ion exchange extraction follows classic displacement chromatography mechanism where exchange rates are rapid, leading to the elution of the displaced ions within a narrow band [51, 52] . Band broadening, as a result of added dead volume in column configuration A in Figure 2 , is therefore negligible, provided the eluent volume employed is adequate to fully elute the sample ions. The nearly identical percent ion recoveries for the single cartridge and dual cartridge configurations in Table 1 , entries 1 and 2, respectively, demonstrates that either configuration can be used for the study. Consequently, the simpler dual cartridge column configuration was employed for the remainder of the experiments.
Sorbent Order
The strong cation and strong anion exchange sorbents employed in the experiments have surface chemistries of permanently fixed charged moieties bound to an aliphatic polymer backbone or spherical silica resin (Figure 3 ). These charged sites are capable of exchanging either a cation or anion (e.g., H + or Cl − resin counter ions) with free cation or anions in solution. Ionic liquid ions are adsorbed on the ion exchange resins in this manner. Similarly, desorption of the bound ionic liquid ions are achieved through displacement with like-charged species in the eluent having greater electronic affinity to the resin [53] . In a typical single-phase ion exchange separation, the displaced sample ions are immediately removed through the effluent. In a stacked two-phase ion exchange system, however, the displaced ions from the upper resin can conceivably interact with bound oppositely charged species in the lower resin as they are carried down the extraction column in the effluent. To test this theory, identical extractions were performed on two separate extraction columns, one with the anion exchange sorbent on top (entry 2) and the other with sorbents in the reversed order (entry 3). The largely disparate recoveries for DMPIm + in the two experiments indicate that the sorbent order may play some role in the displacement of the sample cation. In the case of entry 3, no exchange reaction took place with the ammonium ion in the eluent. Nothing was changed in entry 2 other than the fact that the cation exchange sorbent was on the bottom, yet DMPIm + was detected in the effluent. This may be explained by an electrostatic attraction between the liberated NTf 2 − ion from the top resin and bound DMPIm + in the lower resin that facilitated the exchange reaction with an eluent cation and the instantaneous displacement of the ionic liquid as an ion pair. 
Eluent Composition
Ion retention in ion exchange is affected by factors including charge and size of the ion and the presence of competing ions. Thus, large ions such as DMPIm + and NTf2 − are expected to be highly adsorbed. Several salt solutions were tested for maximum desorption of the bound ionic liquid ions. (Table 2 : entries 2, 4, 5, and 6). Among those tested, sodium chloride provided the highest recoveries for both ionic liquid ions (71% for DMPIm + and 68% for NTf2 − ). While these values are respectable, higher recoveries are needed in order to obtain practical amounts of recycled ionic liquid.
Up to this point, we have regarded STRATA ® -SAX and STRATA ® X-C sorbent interactions to involve only ion exchange reactions when, in fact, the STRATA ® X-C contains an aromatic functional group that can also participate in secondary non-covalent interactions such as π-π bonding and hydrophobic interaction. The alkyl substituents and aromatic imidazole ring of DMPIm + are capable of interacting with the resin by these mechanisms, further increasing its binding energy. In reversedphase liquid chromatography (RP-LC), elution of analytes adsorbed on the resin by hydrophobic interactions are encouraged by the addition of an organic modifier in the mobile phase. Hydrophobic interactions between the analyte and resin are disrupted when the polarity of the mobile phase becomes more favorable [54] . Analyte elution in RP-LC is therefore dependent on the relative solubility of the analyte in the mobile phase. Since [DMPIm] [NTf2] ionic liquid is only marginally soluble in water and highly soluble in methanol, the addition of methanol to the 0.1 M NaCl eluent should promote desorption of the ions. In Table 1 , entries 7, 8, and 9, we observed a dramatic improvement in ion recoveries as the percent of methanol organic modifier is increased. When the methanol composition was increased to 90%, greater than 95% recoveries for both ions were attained.
SAX/SCX Ion Exchange Capacity
Ion exchange reactions are stoichiometric. That is, for every ion removed from the resin, it is replaced by an equivalent amount of charge from the sample or eluent. The total number of equivalents capable of ion exchange per gram of sorbent is called the "ion exchange capacity" or "ionic capacity". For the STRATA ® -SAX and STRATA ® X-C sorbents, those values are 0.9 and 1.0 milli-equivalents per gram of sorbent, respectively. When the ionic equivalent of the sample loaded on the sorbent exceeds the ionic capacity of the sorbent, excess unbound sample ions are eluted in the effluent. The point at which this happens is referred to as the "breakthrough point", and the maximum amount of sample that can be loaded onto the resin before the breakthrough point is 
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Ion exchange reactions are stoichiometric. That is, for every ion removed from the resin, it is replaced by an equivalent amount of charge from the sample or eluent. The total number of equivalents capable of ion exchange per gram of sorbent is called the "ion exchange capacity" or "ionic capacity". For the STRATA ® -SAX and STRATA ® X-C sorbents, those values are 0.9 and 1.0 milli-equivalents per gram of sorbent, respectively. When the ionic equivalent of the sample loaded on the sorbent exceeds the ionic capacity of the sorbent, excess unbound sample ions are eluted in the effluent. The point at which this happens is referred to as the "breakthrough point", and the maximum amount of sample that can be loaded onto the resin before the breakthrough point is reached is called the "breakthrough mass". Breakthrough curves are valuable tools for determining the breakthrough mass (or volume) for a particular combination of adsorbate and resin type and volume [46] . Since the ionic capacity of the SAX/SCX analytical extraction column is limited by the volume of the STRATA ® X-C sorbent, only the breakthrough curve for DMPI + was evaluated ( Figure 5 ). The observed breakthrough mass was in close agreement with the theoretical value of 3.75 mg, suggesting that interactions between DMPI + and the benzylsulfonate functionality of the sorbent are predominantly ionic. Also shown in Figure 5 reached is called the "breakthrough mass". Breakthrough curves are valuable tools for determining the breakthrough mass (or volume) for a particular combination of adsorbate and resin type and volume [46] . Since the ionic capacity of the SAX/SCX analytical extraction column is limited by the volume of the STRATA ® X-C sorbent, only the breakthrough curve for DMPI + was evaluated ( Figure  5 ). The observed breakthrough mass was in close agreement with the theoretical value of 3.75 mg, suggesting that interactions between DMPI + and the benzylsulfonate functionality of the sorbent are predominantly ionic. Also shown in Figure 5 is the breakthrough curve for [DMPIm] [NTf2] sample solution containing 8 wt% tetramethylammonium hydroxide (TMAOH). The influence of competing ions in the eluent is apparent, shown by the lowering of the breakthrough mass to approximately 1.5 mg. 
Recovery and Recycling of the Ionic Liquid
A total of four recycling experiments were performed on two semi-preparative extraction columns to examine overall method reproducibility and column recyclability (Table 3) . Three to four grams of ionic liquid were loaded on the columns, which is safely below the calculated breakthrough mass of 12.5 g. The bound ionic liquid ions were desorbed using 0.1 M NaCl: 90% methanol eluent. The relatively consistent values for the observed ionic liquid product yields substantiated the robustness of the method. Moreover, the experiments showed that the extractions columns can be recycled without discernable loss of sorbent performance. 
Conclusion
The prospect of ionic liquids as solvent substitutes, particularly in large-scale operations, rely on the utilization of robust recycling methods to help mitigate costs and reduce their environmental impact. A highly selective stacked cation and anion exchange recycling method has been demonstrated for the effective purification and complete recovery and recycling of the original [DMPIm] [NTf2] ionic liquid. Moreover, the ability to reuse the sorbents without the need for sorbent clean-up between applications provided additional time and resource cost savings. 
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The prospect of ionic liquids as solvent substitutes, particularly in large-scale operations, rely on the utilization of robust recycling methods to help mitigate costs and reduce their environmental impact. A highly selective stacked cation and anion exchange recycling method has been demonstrated for the effective purification and complete recovery and recycling of the original [DMPIm][NTf 2 ] ionic liquid. Moreover, the ability to reuse the sorbents without the need for sorbent clean-up between applications provided additional time and resource cost savings.
The proposed method can likely be used for the recycling of ionic liquids consisting of cations and anions of similar charge, size, and hydrophobicity to DMPIm + and NTf 2 − . Investigations into recoveries of other common ionic liquid ions revealed that larger and more hydrophobic cations such as [P(C8) 4 ] + and [PPh 4 ] + were not effectively desorbed using 0.1 M NaCl: 90% MeOH eluent and the more polar and smaller BF 4 − anion and the divalent anion Ni(dtmn) 2− were not desorbed at all. On the other hand, 1-buyl-3-methylimidazolium (BMIm + ) and 1-ethyl-3-imidazolium (EMIm + ) cations, which differ to DMPIm + by the number and length of the substituents, exhibited comparable ion recoveries. The use of combined anion and cation exchange resins for the separation of ionic species in solution is not a novel idea. This is the first time, however, that the strategy is applied to the complete recovery and recycling of ionic liquids. The process of ion exchange using homogenous mixed resins has been in commercial use since 1942 and is one of the most utilized techniques for water purification (demineralization) and wastewater treatment. The efficient separation of ions in these mixed resin systems is largely credited to strong driving forces created by oppositely charged resin particles in close proximity to each other. These forces created in homogenous mixed resins can be advantageous for desorption of ionic liquid ions and merits further investigation.
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